Distribution of recent calcareous benthic foraminifera in the northern North Sea and relation to the environment Dorthe Klitgaard-Kristensen, Hans Petter Sejrup & Haß idi Haß idason This paper compiles new and previously published data on recent calcareous benthic foraminifera (dead and living assemblages) in surface sedi ment samples from the northern North Sea area, focussing on the dead benthic foraminifera and their relation to the environment. Five dead benthic foraminiferal assemblages have been identiÞ ed. In Scottish coastal areas Cibicides lobatulus and Rosalina sp. dominate in areas with strong current activity and coarse-grained sediments, whereas C. lobatulus and Trifarina angulosa dominate at similar conditions in the Norwegian coastal areas. Cassidulina laevigata assemblages occur in areas inß uenced by inß ow of Atlantic water into the northern North Sea. In the central part of the Norwegian Channel Uvigerina mediterranea prevails in Þ ne-grained sediments with high organic content and possibly low oxygen content. This species' restricted distribution to the Nor wegian Channel could possibly be related to the availability of food. Bulimina marginata and Hyalinea balthica dominate on the Fladen Ground where seasonal stratiÞ cation is pronounced. This presumably leads to a decrease in the oxygen content in the bottom-waters during part of the year.
D. Klitgaard-Kristensen, H. P. Sejrup & H. Haß idason, Dept. of Geology, University of Bergen, Allégaten 41, Norway. The aim of this study is to provide background for interpreting environmental changes in palaeorecords from the northern North Sea by investigating the distribution pattern of modern benthic calcareous foraminiferal assemblages in this region. We have compiled previous published results of recent benthic foraminifera from the northern North Sea area and combined these with foraminiferal data obtained from additional surface sediment samples in the study area (Table  1) . To understand the palaeo-environment we use the relationship between the modern foraminiferal assemblage and environmental factors, such as hydrographic features and composition of the sediment, i.e. grain size, organic carbon and oxygen content of the bottom-waters.
Previous studies of foraminiferal assemblages from the entire the northern North Sea comprise those of Jarke (1961) and Gabel (1971) , who identi-Þ ed Þ ve benthic assemblages in the north ern North Sea. Murray (1991) compiled data from Jarke (1961) with his own results to describe the distri bution of benthic foraminifera in the North Sea. Other studies have concentrated on more geo graphically restricted areas, e.g. Qvale & van Weering (1985) in the Norwegian Channel and Sejrup et al. (1981) in the north-eastern part of the North Sea.
The study covers the region from 57° 30' N to 62° N and 1° W to 6° E and water depths ranging from 80 -500 m (Fig. 1) . This region can be separated into two main areas: the Norwegian Channel and the North Sea Plateau (Fig. 1) . The Norwegian Channel has water depths down to 400 m and is bordered by the Norwegian coast line and the western ß ank of the Norwegian Channel, a slope that outlines the transition to the North Sea Plateau. The North Sea Plateau water depths range from 100 to 150 m. The deepest part of the North Sea Plateau is the Fladen Ground and the embayment extending north of it (Fig. 1) .
The hydrography of the northern North Sea is characterized by a subsurface inß ow of Atlantic Water (AW) moving southwards along the Norwegian Channel (Furnes et al. 1986 ) (Norwegian Channel Atlantic inß ow; Fig. 1 ). This water enters the Skagerrak, where it mixes with other, less saline water masses from the Baltic region and the Kattegat, and returns northward along the Norwegian coast, i.e. the Norwegian Coastal Current (NCC) (NSTF 1993a; Fig. 1 ). The NCC forms a wedge-shaped water mass, which is well deÞ ned during winter whereas in summer large lateral extensions in surface waters are observed further west onto the North Sea Plateau (NSTF 1993a) . Additional Atlantic Water inß ow is found east of Shetland, ß owing southwards along the Scottish coast and approximately following the 120 m water depth contour (Svendsen et al. 1991; NSTF 1993b) . This inß ow varies seasonally (Turrell et al. 1992) . The AW (west) turns east at about 58° N, and forms a gyre around the Fladen Ground (Fig. 1) ; it cools during winter and subsequently ß ows into the Skager rak (Svendsen et al. 1991) . The offshore areas in the northern North Sea are stratiÞ ed in summer. A thermocline exists between 30 and 50 m water depth and is further enhanced by lateral excursions of the NCC above the thermo cline. Strong winds reduce stratiÞ cation in autumn (NSTF 1993b). The distribution of surface sediments, divided into three main fractions: the silt-clay fraction (< 63 µm); sand (63 µm -1 mm); and coarsegrained sand (> 1 mm), is based on Holtedahl (1993) and Basford & Eleftheriou (1988) . Mackensen et al. 1985 -GS 9 1979 , 1981 , 1982 Water masses close to the Scottish coast are well mixed throughout the year because of strong tidal currents that prevent stratiÞ cation in the water column. Salinity and temperature data for the different water masses are given in Table 2 . An overview of the surface sediment distribution has been compiled from previously published data (Basford & Eleftheriou 1988; Holte dahl 1993) and based on three grain sizes: silt-clay (< 63 µm); Þ ne sand (63 µm -1 mm) and coarse sand (> 1 mm) (Fig. 1) . Fine-grained sediments (silt-clay) are found in the central Nor wegian Chan nel area and in Fladen Ground (Fig. 1) , where the highest amounts of organic carbon are also recorded, from 7 -15 mg/g (dry sediments). The North Sea Plateau and the slope along it has a higher sand (63 µm -1 mm) content (Bas ford & Eleftheriou 1988) ( Fig. 1) . Coarse-grained material (> 1 mm) is found close to the Scottish coast at depths shallower than 100 m (Basford & Eleftheriou 1988) and along the Norwegian coast (Holtedahl 1993) where the organic content is very low (1 -3 mg/g) (NSTF 1993a (NSTF , 1993b .
The inß ow of AW controls the oxygen con tent in North Sea bottom-waters. Oxygen concen trations in the Norwegian Channel area in November to March range from 5.5 to 6.6 ml/l with saturation levels between 85 % and 110 %. In the bottom-waters of the northern part of the Fladen Ground the oxygen content in the bottom-waters is around 6.2 -6.8 ml/l in the November-March season with saturation values varying between 100 % and 110 %. At the inner Fladen Ground area ( Fig. 2 ) AW is trapped during the winter and subsequent stratiÞ cation during the summer leads to a situation where respiration exceeds ventilation, and oxygen levels with less than 90 % saturation can be found in the bottom-waters (NSTF 1993b).
Material and methods
All samples were collected with a boxcorer. The foraminiferal content comprising dead and living (stained) specimens in the top few centimetres of surface sediments were investigated. Although carried out by a number of different investigators similar preparation techniques have been applied, mainly following Feyling-Hanssen et al. (1971) using sieve sizes of 125 µm and 1.0 mm. The samples included in this study were stained with Rose Bengal and the specimens were regarded living when one or more chambers were stained. In all samples 300 living (stained) and 300 dead specimens were counted from different splits. All specimens were registered. However, some samples contained fewer than 300 living (stained) individuals. In previous studies where agglutinated and calcareous benthic foraminifera have been counted together the agglutinated has been excluded from the data (e.g. Mackensen et al. 1985) . This approach is chosen simply because in the majority of Quaternary stratigraphic records the resulting assemblage is composed entirely of calcareous foraminifera since agglutinated individuals often disintegrate easily after death. Hence, the composition of the modern calcareous assemblage is more applicable in Holocene stratigraphic marine records.
A total of 69 samples are included in this study and their locations are shown in Fig. 2 (see also Table 3 ). The per cent ages data for living (stained) and dead ben thic foraminifera mentioned in the text are available from the author upon request. For the living species only 64 samples were studied.
The method of sampling only the top few centimetres has been critized (e.g. Jorissen et al. 1995) because it may lead to loss of infaunal species and individuals, affecting the composition and the determination of density of foraminifera. Several studies have shown that live foraminifera can occur at least 8 cm down in the sediment (e.g. Corliss & van Weering 1993) . However, the majority of species and individuals (on average 70 % or more) occur within the uppermost 2 cm (van der Zwaan et al. 1999) . Therefore, the upper 2 cm is regarded as sufÞ cient to obtain a representative general distribution of the present fauna in the northern North Sea area.
The environmental parameters shown in Table  2 are either average numbers or a range of the environmental parameter in each of the main areas in the northern North Sea. The sampling of the material included in this study has been carried out over more than 20 years and in most studies the information on the environmental setting obtained is limited. It has been necessary to rely on additional environ mental data from other studies in the North Sea. Hence only a broader relationship between the foraminiferal fauna and the environment can be established.
Results and discussion
The establishment of the foraminiferal assemblages in the northern North Sea are based on the occurrence (in percent) of the most dominating species and other species that characterize the assemblage in certain geographical areas. The main purpose of including the living foraminifera in this study was to compare their occurrences with the dead benthic foraminifera in order to detect reworked specimens and to investigate how well the dead assemblage reß ects the living assemblage. Although the number of living speci mens is generally low, Þ ve main living assemblages were recognized in the following areas: (1) Scottish coastal waters; (2) Norwegian coastal waters; (3) inner and outer Fladen Ground; (4) western ß ank of the Norwegian Channel; (5) and an outer and central Norwegian Channel fauna. The overall distribution pattern of the main Þ ve assemblages of the living and dead foraminifera for the North Sea display similarities implying that the dead fauna reß ects modern conditions. However, the occurrences of the species C. reniforme and E. excavatum Table 2 . Physical parameters from the different areas in the northern North Sea. Based on NSTF (1993a NSTF ( , 1993b NSTF ( , 1993c NSTF ( , 1993d 7.5 -9.0 7.5 -9.0 3 -18 7 -9.5 6 -9.5 8 -10 Current speed (cm/s) low 5 -15 10 -20 low no data 50 % silt-clay content 50 -90 < 10 < 50 > 90 % 10 -30 < 2 Carbon (mg/g) 10 -15 1 -3 < 5 7 -10 3 -7 1 -3 Oxygen (ml/l 5.5 -6.6 ml/l; 5.5 -6.6 ml/l; sat. 90 % 6.2 -6.8 ml/l; or saturat) 85 -110 % no data 85 -110 % 100 -110 % no data are observed only in the dead fauna. Based on this and that these species normally occur in glacial deposits, they are regarded as reworked, corroborating previous Þ ndings in the northern North Sea (Sejrup et al. 1981) .
(1) In the Scottish coastal waters at depths shal lower than 100 m, the assemblage is dom inated by C. lobatulus (56 -63 %) with Rosa lina sp. (4 -17 %) and Cibicides refulgens (1 -18 %) as associated species (Fig. 2) . This assem blage along the Scottish coast is found in sedi ments composed of coarse-grained sand (bio genic sands) with less than 2 % silt-clay con tent and very low organic carbon content (1 -3 mg/g; Table 2 ). The area is inß uenced by the FIC (Fig. 1) , a mixture of Scottish coastal waters and Atlantic Water, and is subject to wave and strong tidal activity (current speed up to 50 cm/s; Table 2 ). C. lobatulus thriving in this high energy environment corrobor ates previous studies where C. lobatulus was found in bottom environments characterized by high current activity and sandy sediments (e.g. Sejrup et al. 1981; Murray 1991; Conradsen 1993) . Further more, as previously found by Murray (1985) , C. lobatulus and Rosa lina sp. live attached to hydroids in the Fair Isle Channel, making the species suitable for the turbulent environ ments of Scottish coastal waters.
(2) The Norwegian coastal waters are distinguished by a fauna consisting of T. angulosa (31 -8 %) and C. lobatulus (4 -42 %) that dominate water depths shallower than 400 m out to the shelf edge at 63° N (Fig. 2) . Associated species are C. obtusa (1 -13 %) and C. refulgens (2 -12 %). This assemblage occurs in bottom environment that is characterized by coarsegrained sediments, relatively high current speeds (10 -20 cm/s) and low amount of organic carbon (Table 2) . Mackensen et al. (1985) found that C. lobatulus, C. refulgens and C. obtusa showed a strong correlation to coarse-grained sediments whereas T. angulosa has been related to low organic content in the Norwegian Channel (Qvale & van Weering 1985) . These previous Þ ndings and relationships are in agreement with the occurrence of the fauna in this study. However, the Norwegian coastal fauna is slightly different from the Scottish due to its higher frequency of T. angulosa. The reason for this difference is not clear but the most striking environmental factor is the current speed (Table 2) , which is lower along the Norwegian coast compared to the Scottish coast.
(3) In the Fladen Ground area, B. marginata (26 -41 %), C. laevigata (7 -41 %) and H. balthica (11 -24 %) are frequent (Fig. 2) . The northern part of the Fladen Ground is dominated by C. laevigata (49 -72 %) together with B. marginata (0.5 -19 %). The dominating species in the southern part of the Fladen Ground are B. marginata and H. balthica. This area is characterized by Þ ne grained sediment (silt-clay content 90 %) accumulation with relatively high content of organic carbon (7 -10 mg/g) compared with other areas in the North Sea (NSTF 1993b) . The southern part of the Fladen Ground is occupied by cooled Atlantic Water that is trapped during the summer. At this time respiration exceeds ventilation in bottom-water masses, leading to a decrease in oxygen saturation (NSTF 1993b) . The species B. marginata and H. balthica seem to ß ourish in these stratiÞ ed water masses, which are associated with decreasing oxygen content in the sediments. These results accord with a study in the Kattegat where B. marginata was recorded in association with seasonally changing hydrographic conditions and Þ negrained and organic-rich substrates (Conradsen et al. 1994) . In laboratory experiments Alve & Bernhard (1995) have shown that B. marginata increased in frequency during lowered oxygen levels in the sediments. In the Gulf of Mexico H. balthica was found at greater water depths (600 -1000 m) but coinciding with lowered oxygen content in the water masses (Gupta Sen & Machain-Castillo 1993) . Furthermore, Qvale & van Weering (1985) found a positive correlation of H. balthica with organic carbon content in the Skagerrak. In this study the high organic content and the Þ ne-grained sediments appear to be of secondary importance because the occurrences of B. marginata and H. balthica are modest in the Norwegian Channel, where environmental conditions are comparable to the Fladen Ground (see Table 2 ). Instead, the two species seem to thrive where stratiÞ cation is pronounced and where the oxygen content changes in the sediments throughout the year.
(4) Along the Norwegian Channel's western ß ank (Fig. 2) , at depths shallower than 200 m, the assemblage is dominated by C. laevigata (49 -89 %), co-occurring with T. angulosa (6 -27 %) and a scattered distribution of C. lobatulus (1 -15 %) and C. obtusa (3 -9 %). The two C. laevigata assemblages along the western ß ank of the Norwegian Channel and in the outer part of the Fladen Ground are both located under the main inß ow routes of Atlantic Water into the northern North Sea (Fig. 1) . This sug gests that C. laevigata prefers areas in the North Sea where the incoming water is of more oceanic origin. Our Þ nding of C. laevigata dom in ating in waters of oceanic origin and avoiding areas of Þ ne-grained sediments (i.e. central Norwegian Channel and Fladen Ground) sug gests that it thrives in more turbulent environments and probably in well oxygenated waters. Berg sten et al. (1996) identiÞ ed four assemblages in the Skagerrak of which two were dominated by C. laevigata. The C. laevigata assemblages occurred on the northern and the southern ß ank of the Skagerrak. However, the highest domin ance of C. laevigata was recorded in water masses originating from the inß ow of Atlantic Water through the Norwegian Channel, whereas the frequency of C. laevigata was lower in water masses with a residence time of 100 days (Bergsten et al. 1996) . Other studies in the Skag er rak found a C. laevigata assemblage in a trans ition zone between stable bottom-waters and mixed upper waters, hence under turbulent bot tom conditions (Qvale & van Weering 1985; Conradsen et al. 1994) . Based on these Þ ndings we suggest that C. laevigata generally avoids areas of lowered oxygen content; for the North Sea this is where the inß ow of Atlantic Water occurs.
In the central part of the Norwegian Channel (Fig. 2) , the fauna is dominated by U. mediterranea (6 -44 %) and C. laevigata (14 -40 %). However, the highest occurrences of C. laevigata Table 3 . List of samples and geographic coordinates and the geographical area in which they are located. (Table continues  next Norwegian coastal waters 91-13 58° 47.98' N 05° 16.16' E 35-6 60° 54.0' N 04° 31.5' E 35-7 60° 54.0' N 04° 26.6' E 35-9 60° 54.0' N 04° 16.5' E 35-32 60° 22.6' N 04° 38.0' E 35-33 60° 22.5' N 04° 43.5' E 35-34 60° 22.6' N 04° 47.0' E 35-35 60° 22.5' N 04° 50.5' E 35-36 60° 22.5 (Svendsen et al. 1991) . It is therefore possible that the food (amount and/or quality) and oxygen content are other important factors for the dominance of U. mediterranea. A study of benthic foraminifera along a transect from the Norwegian Channel and into western Norwegian fjords showed that U. mediterranea avoided the fjords where the quality of the organic matter decreased based on C/N ratios (KlitgaardKristensen & Buhl-Mortensen 1999). In the Adriatic Sea, de Stigter et al. (1998) found that U. mediterranea was a superior competitor in foodand oxygen-rich environments but the species decreased in frequency in environments with less food and oxygen. This may also apply for the North Sea where U. mediterranea is less frequent in areas with strong stratiÞ cation, lowered oxygen content in the sediment and less food availability. Instead other species such as B. marginata and H. balthica tend to dominate. QuantiÞ ed data on the amount and quality of food in the North Sea are, however, more difÞ cult to access. In studies of organic matter (sources and burial) in the Norwegian Channel it was found that the amount of organic carbon was 1.7 × 10 5 tonne/yr and that less than 10 % originated from primary productivity . On the North Sea Plateau the estimate was 1 × 10 5 tonne/yr with 0.14 % contributing to the primary productivity ). These numbers indicate that food may be excessive in the Norwegian Channel compared to other parts of the North Sea but it is still speculative if this is the main reason for the observed distribution pattern in the foraminifera. The outer part of the Norwegian Channel (north of 61° 30' N) (Fig. 2) shows similarities with the central part, but, in addition, C. neoteretis (1 -28 %) and P. bulloides (2 -7 %) also occur in this area. This could reß ect a decrease in temperature at the outer part of the Norwegian Channel as compared to the more central parts.
The distribution of the assemblages in this study is generally in agreement with the previously published distribution maps for the North Sea (Jarke 1961; Qvale & van Weering 1985) . However, along the Norwegian coast we have identiÞ ed an additional T. angulosa assemblage, which has not been shown in previous papers. Jarke (1961) deÞ ned an assemblage in the Fladen Ground area, which was characterized by H. balthica, B. marginata and Stainforthia fusiformis (as Bulimina fusiformis). This is in accordance with these Þ ndings, although it has only been possible to document a scattered occurrence of the smallsized S. fusiformis. This is presumably due to the use of different sieve sizes in the studies.
Conclusions
Five assemblages have been identiÞ ed in a compila tion of new and previously published data on the distribution of the dead foraminiferal calcar eous benthic foraminifera in the northern North Sea area. The extended knowledge of the relationship between foraminiferal assemblages and the bottom environment in the northern North Sea obtained in this study will help us improve future palae oceanographic and palaeoenvironmental interpretations of palaeo-records from this area.
